Abstract. Paclitaxel, a natural product originally isolated from Taxus brevifolia, belongs to the most successful anticancer drugs. Nevertheless, its poor water solubility represents a considerable disadvantage in clinical use, and novel derivatives with improved pharmacological features are required. We isolated 7-xylosyl-10-deacetylpaclitaxel from Taxus chinensis, which reveals higher water solubility than paclitaxel. This compound induced mitotic cell cycle arrest and apoptosis as measured by flow cytometry, DNA laddering, and transmission electron microscopy. Pro-apoptotic Bax and Bad protein expression was up-regulated and antiapoptotic Bcl-2 and Bcl-X L expression down-regulated, which lead to a disturbance of the mitochondrial membrane permeability and to the activation of caspase-9. In turn, caspase-9 activated downstream caspases-3 and -6, but not caspase-8. Bid was also activated by caspase-3. Reversely, treatment with a caspase-10-specific inhibitor could not protect PC-3 cells from 7-xylosyl-10-deacetyl-paclitaxeltriggered apoptosis. Moreover, 7-xylosyl-10-deacetylpaclitaxel had no effect on the expression of CD95 and NF-κB proteins, indicating that apoptosis was induced through the mitochondrial-dependent pathway in PC-3 cells.
Introduction
Paclitaxel was first isolated from the bark of the pacific yew (Taxus brevifolia Nutt.). It is also present in other Taxus species, e.g. T. baccata, T. chinensis, T. cruspidata (1) . Paclitaxel commands a unique position among anticancer agents and pharmacologically active natural products in general (2, 3) . After approval by the Federal Drug Administration (FDA), USA, paclitaxel (Taxol ® ) has been established as a standard drug for cancer chemotherapy, especially against ovarian, breast and lung cancers. A broadening of the clinical use of paclitaxel is under investigation, i.e. for prostate cancer (4) .
Paclitaxel shows a unique mechanism of action by promoting and stabilizing microtubules from tubulin (5). One of the major drawbacks of paclitaxel is its poor water solubility. Therefore, paclitaxel is usually administered by using Chremophor EL ® as solvent. Although routinely applied in the clinic as a solvent for non-polar drugs, the use of Chremophor EL is not without problems. Chremophor EL is a polyoxyethylated castor oil, which causes hypersensitivity reactions (6) . Considering the fact that paclitaxel itself causes severe side effects such as myelosuppression, mucositis or peripheral neuropathy, additional adverse effects caused by a solvent should be avoided (7) . Synthesis of semisynthetic glycosylated taxoid derivatives is one way to improve water solubility of paclitaxel (3, 8) . Interestingly, water soluble natural glycosylated taxoid derivatives can also be found in yew trees (9) . This may provide the attractive possibility to tackle the problem of low water solubility by using naturally occurring paclitaxel derivatives.
Water decoctions from the leaves of T. chinensis are used in traditional Chinese medicine to treat cancer, indicating that water soluble constituents of this tree may indeed possess anticancer activity. In an effort to search for natural products from T. chinensis with improved pharmacological features compared to paclitaxel, 7-xylosyl-10-deacetylpaclitaxel has been isolated and identified by our group (10, 11) . This is a naturally occurring xyloside, which has been shown to possess higher water solubility than paclitaxel (8, 12) . Furthermore, the content of 7-xylosyl-10-deacetylpaclitaxel (0.05%) is higher than that of paclitaxel (0.01%) in T. chinensis (13) . In fact, 7-xylosyl-10-deacetylpaclitaxel can be detected by high pressure liquid chromatography (HPLC) in condensate of decoctions (1 mg/ml), whereas paclitaxel cannot. The mode of action of 7-xylosyl-10-deacetylpaclitaxel is scarcely known. It causes polymerization and stabilization of microtubules from mammalian brain in vitro. 7-xylosyl-10-deacetylpaclitaxel inhibited microtubule disassembly by 50% at a concentration of 0.3 μM, which is lower than that of paclitaxel (0.5 μM) (14) .
Activation of the mitochondria-driven pathway of apoptosis in human PC-3 prostate cancer cells by a novel hydrophilic paclitaxel derivative, 7-xylosyl-10-deacetylpaclitaxel
The cellular and molecular mechanisms leading to cell death after attacking microtubules by this novel paclitaxel derivative are unknown at present. For this reason, we have addressed the questions of whether 7-xylosyl-10-deacetylpaclitaxel induces cell cycle arrest and apoptosis.
Materials and methods
Chemicals. 7-xylosyl-10-deacetylpaclitaxel was isolated and identified from Taxus chinensis var. mairei Cheng et L.K by our group (9, 10) . The extracted 7-xylosyl-10-deacetyltaxel was dissolved in dimethyl sulfoxide (Sigma Chemical Co., St. Louis, MO, USA) and stored at 4 ˚C (Fig. 1) .
Cell line. The human PC-3 prostate cancer cell line was maintained in RPMI-1640 medium (Hyclone, Logan, USA), supplemented with 10% heat inactivated fetal calf serum (FCS), 100 U/ml penicillin and 100 μg/ml streptomycin in a humidified atmosphere (37˚C, 5% CO 2 ).
Cytotoxicity assay. PC-3 cells were plated in 96-well plates at a density of 1x10 4 cells per well. After incubation with medium for 24 h, 5 μM 7-xylosyl-10-deacetylpaclitaxel and paclitaxel, respectively, was applied for 48 h. Afterwards, 3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyl tetrazolium bromide (Sigma Chemical Co) was added to cell cultures at a final concentration of 0.5 mg/ml and incubated at 37˚C for 4 h. Then, the adherent cells were solubilized with 200 μl DMSO. Absorbance at 492 nm was measured using a multi-plate reader (Stat Fax-3200, Awareness, USA). All assays were carried out in triplicate. The inhibition rate of cell proliferation was calculated by the following formula:
Cell cycle analysis. PC-3 cells were treated with or without 5 μM 7-xylosyl-10-deacetylpaclitaxel. After incubation for 24 h, cells were collected and stained with 50 μg/ml DAPI (Partec, Münster, Germany). The cell cycle distribution of 10,000 cells was collected by using a flow cytometry (Partec). Cell cycle analysis was performed using FloMax software. Morphology analysis by transmission electron microscopy. PC-3 cells treated with or without 5 μM 7-xylosyl-10-deacetylpaclitaxel were washed with PBS, centrifuged, and pre-fixed with 2.5% glutaraldehyde in 0.1 M phosphate buffer at 4˚C for 2 h. The cells were then rinsed thoroughly in phosphate buffer and post-fixed in 1% OsO 4 at 4˚C for 30 min. After being fixed, the cells were pelleted in 2% agar. Then, cell blocks were prepared, dehydrated through a graded ethanol series, and embedded in Epon 812 (Spi Supplies, West Chester, USA). The ultra-structure of cells was analyzed in ultra-thin sections in a transmission electron microscope (Hitachi H-600, Tokyo, Japan) after the sections were stained with uranyl acetate and lead citrate.
DNA fragmentation assay. PC-3 cells were exposed to 5 μM 7-xylosyl-10-deacetylpaclitaxel for 24 and 48 h or left untreated. Then, cells were collected by centrifugation. Total DNA was purified with a DNA isolation kit (Waston Biotechnologies Inc, Shanghai, China) according to the manufacturer's instructions. The DNA was separated in 2% agarose gel and visualized by ultraviolet illumination (Image Mgster VDS-CL, Tokyo, Japan) after staining with ethidium bromide.
Assessment of caspase activity. The activity of caspases was determined by a colorimetric assay based on the ability of caspase-3, -6, -8 and -9 to convert acetyl-Asp-Glu-Val-Asp p-nitroanilide (Ac-DEVD-pNA), acetyl-Val-Glu-Ile-Asp p-nitroanilide (Ac-VEID-pNA), acetyl-Ile-Glu-Thr-Asp p-nitroanilide (Ac-IETD-pNA) and acetyl-Leu-Glu-His-Asp p-nitroanilide (Ac-LEHD-pNA), respectively, into a yellow formazan product [p-nitroaniline (pNA)]. An increase in absorbance at 405 nm was used to quantify the activation of caspases. After exposure for 0, 6, 12 and 24 h, PC-3 cells were collected and rinsed with cold PBS, and then lysed by lysis buffer (40 μl) for 15 min on ice. Cell lysates were centrifuged at 18,000 rpm for 10 min at 4˚C. Activities of caspase-3, -6, -8 and -9 in the supernatant were assayed using a commercial kit (Beyotime Institute of Biotechnology, Haimen, China). The caspase activities were expressed as percentage of enzyme activity compared to control. Control groups received 0.1% dimethyl sulfoxide. All the experiments were carried out in triplicate.
Protein isolation, gel electrophoresis and Western blotting.
PC-3 cells were treated with 7-xylosyl-10-deacetylpaclitaxel (5 μM) for 6, 12, 24 and 48 h, respectively, or left untreated. For isolation of total protein fractions, media were removed, cells were washed twice with ice-cold PBS, then lysed using cell lysis buffer [20 mM Tris pH 7.5, 150 mM NaCl, 1% Triton X-100, 2.5 mM sodium pyrophosphate, 1 mM EDTA, 1% Na 3 CO 4 , 0.5 μg/ml leupeptin, 1 mM phenylmethanesulfonyl fluoride (PMSF)]. The lysates were collected by scraping from the plates and then centrifuged at 10,000 rpm at 4˚C for 5 min.
For the investigation of mitochondrial proteins, PC-3 cells were treated with 7-xylosyl-10-deacetylpaclitaxel (5 μM) and AC-DEVD-CHO (20 μM) for 6, 12, 24 and 48 h, respectively, or left untreated. After removal of the media, PC-3 cells were washed twice with ice-cold PBS. Harvested cell suspension (2x10 7 ) was centrifuged in a 1.5 ml microcentrifuge tube at 600 rpm for 5 min. The supernatant was carefully removed and discarded, and added 1.5 ml of Mitochondria Isolation Reagent, vortexed at medium speed for 5 sec in the 1.5 ml micro-centrifuge tube and incubated the tube on ice for exactly 15 min. The PC-3 cells suspension was transferred to a Dounce Tissue Grinder (ScieNTZ, Ningbo, China). The cells were homogenized on ice, and performed enough strokes to effectively lyse cells. Homogenized PC-3 cells were centrifuged at 600 rpm for 10 min at 4˚C. The supernatant was transferred to a new 1.5 ml tube and centrifuged at 11,000 rpm for 15 min at 4˚C. The pellet contained the isolated mitochondria. Before Western blotting, 500 μl of Mitochondria Lysis Reagent containing 1 mM PMSF was added. Cell Mitochondria Isolation Kit (Beyotime Institute of Biotechnology).
Total protein samples for mitochondrial protein fractions (30 μg) were loaded on a 12% of SDS-polyacrylamide gel for electrophoresis, then transferred onto PVDF transfer membranes (Millipore, Billerica, USA) at 0.8 mA/cm 2 for 2 h. Membranes were blocked at room temperature for 1 h with blocking solution (1% BSA in PBS plus 0.05% Tween-20). Membranes were then incubated overnight at 4˚C with primary antibodies (anti-NF-κB, anti-ß-actin, anticaspase-3, anti-Bax, anti-Bid, anti-Bad, anti-Bcl-2, or antiBcl-X L , rabbit polyclonal antibodies) at a dilution of 1:250 (Biosynthesis Biotechnology Company, Beijing, China) in blocking solution. After twice washings in PBS for each 10 sec, membranes were incubated for 1 h at room temperature with an alkaline phosphatase peroxidaseconjugated anti-rabbit secondary antibody at a dilution of 1:500 in blocking solution. Detection was performed by the BCIP/NBT Alkaline Phosphatase Color Development Kit (Beyotime Institute of Biotechnology) according to the manufacturer's instructions. Bands were then recorded by a digital camera (Canon, EOS 350D, Tokyo, Japan). Protein concentrations were determined using the BCA protein assay system (Beyotime Institute of Biotechnology). Caspase inhibitors, Z-AEVD-FMK and AC-DEVD-CHO, were obtained from Biovision (Biovision, Mountain View, USA).
Statistics. Data were expressed as mean ± standard deviation (SD) of three independent experiments and analyzed using two-way analysis of variance (ANOVA). The differences between two groups were determined using the t-test, and statistical significance was set at P<0.05.
Results
Inhibition of cell proliferation. As a starting point, we compared 7-xylosyl-10-deacetylpaclitaxel with paclitaxel. We incubated PC-3 cells with both drugs at a fixed concentration of 5 μM. Fig. 2A shows that both drugs inhibited PC-3 cells similarly in a time-dependent manner. To calculate 50% inhibition concentrations (IC 50 values), we performed concentration kinetic experiments. The dose response curves were in a range of 0-50 μM for both drugs and are shown in Fig. 2B . The IC 50 values calculated from these data were 5 μM for 7-xylosyl-10-deacetylpaclitaxel and 8 μM for paclitaxel at a fixed exposure time of 48 h. And the IC 50 values calculated were 586 nM for 7-xylosyl-10-deacetylpaclitaxel and 41 nM for paclitaxel at a fixed exposure time of 72 h (Fig. 2C) .
Assessment of mitotic cell cycle arrest. After exposure for 24 h, 7-xylosyl-10-deacetylpaclitaxel caused a significant dose-dependent accumulation of PC-3 cells in the G2/M phase of the cell cycle and a decrease in the G1 and S phases in a concentration range of 1x10 -7 to 1x10 -4 M (Fig. 3A) . The differences in cell cycle distribution between vehicle-treated PC-3 cells and cells treated with 1x10 -6 , 1x10 -5 , or 1x10 -4 M of the compound were statistically significant (P<0.01). Representative histograms showing the cell cycle distribution are depicted in Fig. 3B and C. Approximately 100% of cells treated with 1x10 -5 M 7-xylosyl-10-deacetylpaclitaxel for 24 h were blocked in the G2/M phase (Fig. 3C) , whereas only 17.3% of vehicle-treated control cells were in the G2/M phase (Fig. 3B) .
Assessment of apoptosis by the Annexin V assay.
To quantify the induction of apoptosis, we treated PC-3 cells for 24 and 48 h with or without 7-xylosyl-10-deacetylpaclitaxel (5 μM). Apoptosis was measured by a flow cytometry using Annexin-V labeling (Fig. 4) . While 7-xylosyl-10-deacetylpaclitaxel induced apoptosis in 17% of the cells after 24 h, 50% apoptotic cells were measured after 48 h (Fig. 4A) . Representative flow cytometric histograms are shown in Fig. 4B and C.
Assessment of apoptosis by the DNA fragmentation assay.
Treatment of PC-3 cells with 5 μM 7-xylosyl-10-deacetylpaclitaxel resulted in the formation of a DNA ladder (Fig. 5) . Apoptosis-related DNA laddering was visible after 48 h (Fig. 5, lane 5) , but not after 24 h drug exposure (lane 3).
Untreated control cells did not induce apoptosis (lanes 2 and 4).
Assessment of cellular ultrastructures by transmission electron microscopy. PC-3 cells displayed typical characteristics of apoptosis after the incubation of 5 μM 7-xylosyl-10-deacetylpaclitaxel for 48 h. That is, slim protuberances of the cell membrane disappeared and the structure of the membrane appeared more rigid. Vacuoles appeared in the cytoplasm (Fig. 6B) . Furthermore, the nuclear membrane became unclear, the chromatin condensed and the nucleus became fragmented (Fig. 6C) . These signs of apoptosis were not visible in untreated cells (Fig. 6A) . Fig. 7A , the fraction of caspase-3, -6, and -9 positive cells increased after incubation with 5 μM 7-xylosyl-10-deacetylpaclitaxel for 6 and 12 h. However, caspase-8 was not activated at all.
Activation of caspases. As shown in

Caspase-10 is not activated by 7-xylosyl-10-deacetylpaclitaxel.
Effects of caspase-10 inhibitor on 7-xylosyl-10-deacetylpaclitaxel-induced apoptosis are shown in Fig. 7B . PC-3 cells were pre-incubated in the presence or absence of 2 μM caspase-10 inhibitor (Z-AEVD-FMK) for 1 h at 37˚C, then treated with or without 5 μM 7-xylosyl-10-deacetylpaclitaxel for 24 h and processed by the Annexin-V assay.
Next, we confirmed this result by using Western blotting. As can be seen in Fig. 7C , PC-3 cells were pre-incubated in the presence or absence of 2 μM caspase-10 inhibitor for 1 h at 37˚C, and then treated with or without 5 μM 7-xylosyl-10-deacetylpaclitaxel for 6 h. Caspase-10 did not activate caspase-3 in 7-xylosyl-10-deacetylpaclitaxel-treated PC-3 cells. Although PC-3 cells were pre-incubated in the presence or absence of 2 μM concentrations of the inhibitor of caspases-10 for 1 h at 37˚C, active caspase-3 was identical in 7-xylosyl-10-deacetylpaclitaxel-treated PC-3 cells at 6 h. As a positive control for this assay, we used paclitaxel (15) . In contrast to paclitaxel, we found that caspase-10 did not activate caspase-3 in 7-xylosyl-10-deacetylpaclitaxel-treated cells (Fig. 7C) .
Fas-dependent pathway was not involved in 7-xylosyl-10-deacetylpaclitaxel-induced apoptosis.
To determine whether 7-xylosyl-10-deacetylpaclitaxel induces apoptosis through activation of the extrinsic Fas receptor driven pathway of apoptosis, Fas (CD95) expression was measured by an anti-Fas antibody and flow cytometry. PC-3 cells cultured for 24 h in 7-xylosyl-10-deacetylpaclitaxel (5 μM) did not reveal altered levels of Fas (CD95) (Fig. 8) .
NF-κB is not processed in 7-xylosyl-10-deacetylpaclitaxeltreated PC-3 cells.
We determined the protein levels of NF-κB in PC-3 cells treated with 5 μM 7-xylosyl-10-deacetylpaclitaxel or left untreated. 7-xylosyl-10-deacetylpaclitaxelinduced apoptosis was not associated with a change in NF-κB protein expression as compared to untreated control (Fig. 9) .
Regulation of expression of Bcl-2 family members by 7-xylosyl-10-deacetylpaclitaxel.
Apoptosis induced by 5 μM 7-xylosyl-10-deacetylpaclitaxel was associated with an upregulation of Bad and Bax protein expression after treatment for 6 and 12 h. At the same time, Bcl-X L and Bcl-2 expression were down-regulated (Fig. 9) . 
Bid is cleaved by caspase-
Discussion
In the course of our systematic analysis of bioactive natural products from water extracts of Taxus chinensis, we have isolated 7-xylosyl-10-deacetylpaclitaxel (10, 11) . In the present investigation, we showed that 7-xylosyl-10-deacetylpaclitaxel reveals growth inhibitory activity against PC-3 cells, which is similar to that of paclitaxel at a fixed exposure time of 48 h.
Furthermore, 7-xylosyl-10-deacetylpaclitaxel was found to induce significant mitotic arrest in PC-3 cells. Mitotic arrest was visible after 24 h, whereas apoptosis was induced subsequently after 48 h. This time-dependency implies that apoptosis is not induced independently of mitotic arrest. PC-3 cells run into a mitotic catastrophe, which does not lead to damage repair and re-entry of cell cycle, but rather to the induction of apoptosis. The results of the present study show that 7-xylosyl-10-deacetylpaclitaxel-induced apoptosis is an important mechanism of cytotoxicity in PC-3 prostate cancer cells. Cellular apoptosis can be demonstrated by morphological investigations, DNA fragmentation and flow cytometry analysis. An entire battery of genes participates in the regulation of apoptosis. The activation of the caspase cascade represents a central effector mechanism promoting apoptosis in response to death-inducing signals from cell surface receptors, from mitochondria, or from endoplasmic reticular stress (16) . Some studies have raised the possibility that paclitaxel might induce apoptosis through death receptors (DR4 and DR5) and caspase-8,-10 activation pathway (17, 18) . A recent report demonstrated that activation of caspase-8 occurs in docetaxel-treated PC-3 cells (19) . However, in the present study, there was no increase in caspase-8 activity in 7-xylosyl-10-deacetylpaclitaxel-treated PC-3 cells after exposure for 6 or 12 h. Furthermore, PC-3 cells pretreated with a caspase-10 inhibitor did not inhibit caspase-3 activities after 6 h during 7-xylosyl-10-deacetylpaclitaxel-induced apoptosis (17, 20) . The data presented here indicate that exposure of PC-3 cells to 7-xylosyl-10-deacetylpaclitaxel activates caspase-9. Hence, caspase-9 plays an important role in 7-xylosyl-10-deacetylpaclitaxel-mediated apoptosis. Furthermore, we observed that 7-xylosyl-10-deacetylpaclitaxel did not affect the expression of CD95 and NF-κB proteins (21, 22) . Therefore, we conclude that 7-xylosyl-10-deacetylpaclitaxel-induced apoptosis primarily involves the activation of the cytochrome c/caspase-9 pathway.
The question remains as to how caspase activation is achieved by 7-xylosyl-10-deacetylpaclitaxel treatment. The Bcl-2 family is composed of a number of genes that control mitochondrial integrity, and loss of mitochondrial membrane potential leads to the release of apoptosis-inducing intermembrane proteins such as cytochrome c, AIF or caspase-2 and -9 (23) . Recent reports demonstrated that there were no discernible differences in Bax and Bid protein expression following paclitaxel treatment (18, 24, 25) . There are, however, contradictory results in the literature on the changes of Bcl-X L expression after paclitaxel exposure (24, 25) . In the present study, we observed significant changes in the levels of Bid, Bax, Bad and Bcl-X L proteins following 7-xylosyl-10-deacetylpaclitaxel treatment, indicating that the mitochondria released inter-membrane proteins into the cytosol, which activated caspase-9. Once activated, caspase-9 initiated the caspase cascade involving downstream executioners, caspase-3 and -6. In turn, caspase-3 cleaved and activated Bid. Activated Bid participated in a feedback loop, which may sustain and amplify cell death signal via the mitochondrial pathway by down-regulating the expression of Bcl-2 and up-regulating the expression of Bax.
In summary, 7-xylosyl-10-deacetylpaclitaxel caused significant mitotic arrest in PC-3 cells followed by a specific change in the expression profile of pro-and anti-apoptotic Bcl-2 family members. Up-regulation of Bad expression and down-regulation of Bcl-X L expression are critical processes, which disturb the mitochondrial membrane permeability and activate downstream caspase-9 (26). After activation, caspase-9 activates downstream caspase-3, -6, and probably also caspase-7 to execute apoptosis in PC-3 cells. Meanwhile, Bid is cleaved and activated by caspase-3. At last Bid indirectly affects mitochondria membrane through upregulating the expression of Bax and down-regulating the expression of Bcl-2. Thus, the caspase-9 zymogen plays an upstream regulatory role in the interaction of caspases. However, caspase-8 and -10 and the Fas and TNF-α death receptor pathways do not seem to be involved in apoptosis induced by 7-xylosyl-10-deacetylpaclitaxel ( Fig. 10) (27) . Additional studies are needed to learn how 7-xylosyl-10-deacetylpaclitaxel is connected to the mitochondrial pathway and to investigate the relationship to protein kinases and signal transduction pathways.
